Abstract. Plants inhabited by ants (myrmecophytes) have evolved in a diversity of tropical plant lineages. Macaranga includes approximately 300 paleotropical tree species; in western Malesia there are 26 myrmecophytic species that vary in morphological specializations for ant association. The origin and diversification of myrmecophytism in Macaranga was investigated using phylogenetic analyses of morphological and nuclear ITS DNA characters and studies of character evolution. Despite low ITS variation, the combined analysis resulted in a well-supported hypothesis of relationships. Mapping myrmecophytism on all most parsimonious trees resulting from the combined analysis indicated that the trait evolved independently between two and four times and was lost between one and three times (five changes). This hypothesis was robust when tested against trees constrained to have three or fewer evolutionary transformations, although increased taxon sampling for the ITS analysis is required to confirm this. Mapping morphological traits on the phylogeny indicated that myrmecophytism was not homologous among lineages; each independent origin involved a suite of different specializations for ant-plant association. There was no evidence that myrmecophytic traits underwent sequential change through evolution; self-hollowing domatia evolved independently from ant-excavated domatia, and different food-body production types evolved in different lineages. The multiple origins of myrmecophytism in Macaranga were restricted to one small, exclusively western Malesian lineage of an otherwise large and nonmyrmecophytic genus. Although the evolution of aggregated food-body production and the formation of domatia coincided with the evolution of myrmecophytism in all cases, several morphological, ecological, and biogeographic factors appear to have facilitated and constrained this radiation of ant-plants.
Plant species that are regularly inhabited by ants (myrmecophytes) have evolved in a diversity of tropical plant lineages (Huxley 1991; Davidson and McKey 1993a) . In the most specialized of these associations, plants provide a living space (domatium) and nourish their resident ants with lipidor carbohydrate-rich food bodies (Janzen 1966; Longino 1991; Fiala and Maschwitz 1992a) , and the ants protect their host plants from herbivory, competition from vines, and possibly from fungal infection (Fiala et al. 1989; Agrawal 1998; Letourneau 1998; Gaume and McKey 1999) . Although myrmecophytism has been the focus of much research on the evolution of mutualisms (Thompson 1994) , phylogenetic analyses rarely have been conducted to investigate the origin and diversification of myrmecophytes (but see Chenuil and McKey 1996; Michelangeli 2000; Brouat et al. 2001) .
Extensive radiations of myrmecophytic species occur in numerous tropical plant genera, for example, Cecropia (Cecropiaceae) and Tococa (Melastomataceae), with about 40 species each, and Macaranga (Euphorbiaceae) with 26 species (Davidson and McKey 1993b; Michelangeli 2000) . In myrmecophytic lineages in general, species differ in a range of traits associated with ant occupation (Huxley and Cutler 1991; Davidson and McKey 1993b; Chenuil and McKey 1996) . For example, the nature and development of the domatium (Jebb 1991) , the location and composition of the food provision (Rickson 1980; Heil et al. 1998) , and the strength and identity of association with the colonizing ant species (Yu and Davidson 1997; Fiala et al. 1999 ) all differ among closely related myrmecophytes. Phylogenetic studies are required to assess whether this morphological variation is the result of independent origins of myrmecophytic traits or the result of transformation and specialization of traits following a single origin of myrmecophytism (Davidson and McKey 1993b) .
Myrmecophytism has evolved repeatedly in plants that share particular ecological and life-history characteristics (Davidson and McKey 1993a) . For example, fast-growing trees that colonize early successional microsites in tropical rain forests have independently evolved obligate associations with ants in the Neotropics (e.g., Cecropia) and in Asia (e.g., Macaranga). Several morphological and ecological traits may have facilitated these parallel origins of myrmecophytism in different early successional lineages (Davidson and McKey 1993b) . Pioneer species live in resource-rich environments with vigorous competition from vines, where ant defense may be especially advantageous (Schupp and Feener 1991) . Many pioneer species have large leaves on thick, soft-wooded stems (Swaine and Whitmore 1988) , which may provide opportunities for stem-boring insects and subsequent ant nesting (Davidson and McKey 1993b; Brouat and McKey 2000) . Furthermore, the leaves of many early successional species bear extrafloral nectaries, or food bodies, that are visited by generalist ant species (Whalen and Mackay 1988; Maschwitz 1991, 1992b; Schupp and Feener 1991) , and se-FIG. 1. Distribution of myrmecophytic Macaranga in western Malesia. The numbers of endemic and widespread myrmecophytic species are given above and below the line, respectively, for Sumatra, Malaya including southern peninsular Thailand, southeastern Thailand, and Borneo. lection on food supply connected with defensive efficacy might favor the evolution of myrmecophytism (Davidson and McKey 1993b) . Phylogenetic studies provide a means to investigate the sequence of morphological and ecological changes that preceded the evolution of myrmecophytism (Donoghue 1989) .
Macaranga includes almost 300 species of tropical and subtropical trees distributed between western Africa and the southern Pacific islands, with greatest species diversity in Borneo and New Guinea (Whitmore 1969) . In western Malesia, 26 species form myrmecophytic associations with ants, primarily of the genus Crematogaster (Baker 1934; Fiala et al. 1999) or in some cases with Camponotus species Federle et al. 1998b ; Fig. 1 ). The plants provide nutrient-rich food bodies (Rickson 1980) and hollow stems that are used as domatia by the ants (Ridley 1910; Fiala and Maschwitz 1992a) . The ants often harvest honey dew from scale insects (Coccidae) that reside in the domatia (Ridley 1910; Heckroth et al. 1998) . Plants from which the ants have been excluded suffer significantly increased herbivory and vine infestation (Fiala et al. 1989; Itioka et al. 2000) . Although all 26 myrmecophytes form stem domatia and aggregations of food bodies, the development of these features varies among the different Macaranga species (Ridley 1910; Rickson 1980; Fiala and Maschwitz 1992a,b) . Macaranga, therefore, provides an ideal system in which to investigate factors influencing the origin and diversification of myrmecophytism.
In this study, phylogenetic relationships among western Malesian Macaranga are inferred from cladistic analyses of morphological and molecular characters. This hypothesis of relationships is used to address three questions. Is myrmecophytic diversity in Macaranga the result of a single origin of myrmecophytism followed by specialization and diversification of the symbiosis, or did differences in ant-plant association arise independently in different myrmecophytic lineages? What morphological features preceded or were associated with the evolution of myrmecophytism? What ecological or biogeographic factors may have facilitated and/or constrained this radiation of myrmecophytes? Pax and Hoffmann (1914, 1931) provided the most recent complete subgeneric classification of Macaranga. However, many new species have since been described (Airy Shaw 1969 , 1971 Whitmore 1984; McPherson 1996; Davies 1999a,b) , and recent morphological cladistic studies have demonstrated that several of the earlier subgeneric groupings are unlikely to be monophyletic (S. J. Davies and T. C. Whitmore, unpubl. data).
MATERIALS AND METHODS

Taxon Selection
All 26 known myrmecophytic species of Macaranga were included in this analysis. These species have previously been referred to sections Pachystemon sensu lato and Winklerianae and an informal group of species related to M. pruinosa (Whitmore 1975 ; Table 1 ). All nonmyrmecophytic species in these three groups were also included in the analysis. To deal with potential problems caused by the nonmonophyly of the sections, two to four representative species from the three other sections of western Malesian Macaranga recognized by Pax and Hoffmann (1914) , sections Javanicae, Pseudo-Rottlera, and Stachyella, were also included in the analysis. In addition, six species of uncertain affinity or representing groups from outside western Malesia but potentially closely related to the myrmecophytes were included. Morphological cladistic analyses that included African or other New Guinean taxa did not alter the findings reported in this study (S. J. Davies and T. C. Whitmore, unpubl. data) . One species of the purportedly closely related genus Mallotus (also in tribe Acalypheae, Acalyphoideae, Euphorbiaceae; Webster 1994) was included in the molecular analysis as an outgroup. This supported the basal position of section Pseudo-Rottlera with respect to the other sections of Macaranga as has previously been suggested (Whitmore 1975) .
Several species in the analyses include infraspecific taxa (subspecies, varieties, or forms). For this analysis, the infraspecific taxa were combined. In the few cases where there was infraspecific variation in morphological characters, species were scored as polymorphic.
Morphological Characters
Field studies in Malaysia, Thailand, and Indonesia, coupled with studies of herbarium specimens from Arnold Arboretum, Herbarium Bogoriense, Kew, Kepong, Leiden, Sandakan, Sarawak, and Singapore were conducted to identify phylogenetically informative morphological characters (see Appendix) . No prior morphological analysis of this group of Macaranga existed, although a revision of New Guinea species (Perry 1953 ) and original descriptions for western Malesian species (Airy Shaw 1967 , 1969 , 1971 Whitmore 1974) suggested potentially informative characters for this study. All characters were coded as unordered with two to four states. Several characters were coded as missing for some species due to the presence of inapplicable states (reductive coding, Maddison 1993; Lee and Bryant 1999; Strong and Lipscomb 1999) . Two species were not coded for pistillate or staminate characters due to lack of material. In several cases species were not coded for individual characters where states were unknown. Characters coded with multiple states refer to polymorphisms. A list of selected specimens examined for each species and the coded data matrix are available from the authors (Davies 1996) .
Molecular Characters
DNA sequences of the nuclear ribosomal ITS region were assessed for one to four individual plants of each of 35 Macaranga species and one Mallotus species. The 35 Macaranga species included in the molecular analysis represented all western Malesian groups that were sampled for the morphological analysis.
DNA was extracted from silica gel-dried leaves using a standard 2ϫ CTAB extraction method (Doyle and Doyle 1987) and with a DNeasy DNA isolation kit (Qiagen, Clifton Hill, Victoria, Australia). The ITS region was amplified using the ITS5 and ITS4 primers (Baldwin 1992) . A polymerase FIG. 3 . Strict consensus of 544 most parsimonious trees resulting from the analysis of 47 informative ITS nuclear DNA characters for 42 Macaranga and one Mallotus sequence (tree length ϭ 101, CI ϭ 0.57, RI ϭ 0.79). Bootstrap values based on 100 replicates given at the branches. Macaranga species groupings as shown in Table 1 . Analysis includes only unique sequences. Replicate sequences for individual species are indicated by sequential numbers. Identical sequences within Pachystemon group 1 are indicated as ''4 sequences,'' which includes sequence numbers angulata 1, bancana 4, depressa 1, and indistincta 3, and ''5 sequences,'' which includes sequence numbers hullettii 2 and 3, quadricornis 1, velutiniflora 1, and trachyphylla 2.
chain reaction (PCR) kit was used for the amplification reactions (Amersham, Arlington Heights, IL). For each sample 1 l of template DNA (30-50 ng) was added to a PCR cocktail mix consisting of 2.5 l each of 10ϫ buffer, 10ϫ dNTPs (1 mM), and the ITS5 and ITS4 primers (both 10 M); 13.9 l of sterile water; and 0.1 l Taq polymerase. The PCR program consisted of an initial preheating at 95ЊC for 2 min. The reaction cycle was as follows: 1 min at 95ЊC (denaturation), 1 min at 57ЊC (annealing), and 1 min at 72ЊC (extension). After a total of 40 reaction cycles, an additional 7 min at 72ЊC was added.
PCR products were then purified for sequencing using an enzymatic PCR product presequencing kit (USB, Cleveland, OH). The cycle sequencing reaction cocktail contained 30-50 ng of the purified PCR product, 2 l of a 1 mM concentration of the sequencing primer, and 4 l of the reagent premix from the ThermoSequenase dye terminator cycle sequencing premix kit (Amersham). Program parameters for cycle sequencing and cleaning followed kit instructions. The cleaned cycle sequencing products were then resolved using a 4.8% polyacrylamide gel using a Prism 377 automated DNA sequencer (Applied Biosystems, Norwalk, CT). Sequences from the forward and reverse strands of each PCR product were examined, compared, and corrected using Sequence Navigator software.
Sequences were aligned visually, with the insertion of gaps where necessary. Low overall sequence divergence resulted in little ambiguity during sequence alignment. The cladistic analysis of molecular data included 43 unique sequences. For seven of the 16 species for which multiple plants were se- FIG. 4 . Strict consensus of six most parsimonious trees resulting from the combined analysis of 108 informative characters (74 morphological and 34 ITS nuclear DNA) for 34 Macaranga species (tree length ϭ 291, CI ϭ 0.45, RI ϭ 0.77). Bootstrap values based on 1000 replicates given above the branches. Myrmecophytes are indicated by black boxes for species occupied by ants throughout their geographic ranges, and by hatched boxes for species that are occupied in only part of their range. White boxes indicate nonmyrmecophytes. Species groupings as shown in Table 1. quenced, replicate sequences were identical. The other species had one to three base-pair differences between conspecific sequences. In several cases different species also had identical sequences. For the combined analysis with morphological data, one sequence was used for each species. This was either the most common sequence if two or more sequences for a species were the same, or one randomly selected sequence if all sequences for a species differed.
Phylogenetic Analysis
Phylogenetic analyses were conducted using PAUP* 4.0b4a (Swofford 2000) . Most parsimonious trees were sought using the heuristic search option with branch swapping by the tree bisection reconnection method. All included morphological characters were informative. Gaps in the molecular data were coded as a fifth base. Excluding gaps led to a similar but slightly less well-resolved tree (data not presented). Clade support was assessed with bootstrap analyses (Felsenstein 1985) . Because morphological and molecular data were not scored for all species, morphological, molecular, and combined analyses differed in the number of included taxa and characters. The morphological analysis included 48 species of Macaranga and 81 morphological characters. Mallotus mollisimus was not included in the morphological analysis because many characters were inapplicable. The molecular analysis included 42 Macaranga and one Mal- 
Myrmecophytic Characteristics
Morphological and ecological characteristics of ant-plant associations were studied extensively in the field and supplemented with observations recorded in the literature. Myrmecophytism was mapped on the combined morphological and molecular phylogeny as a two-state character using MacClade 3.01 (Maddison and Maddison 1992) . Alternative evolutionary reconstructions were assessed for all most parsimonious trees. Myrmecophytism was not one of the morphological characters used in phylogeny reconstruction because it was found to be composed of a suite of potentially independent characters. However, independent morphological characters that were in some species associated with the myrmecophytic association, such as stipule morphology, were included in the analysis. These characters were mapped on all most parsimonious trees to examine the evolution of different specializations for myrmecophytism in Macaranga. The two species that are myrmecophytic in only part of their geographical ranges, M. pruinosa and M. puncticulata, were coded as myrmecophytic for this analysis.
The robustness of hypotheses of myrmecophyte evolution inferred from the most parsimonious trees was tested by comparing most parsimonious trees with trees constrained to alternative hypotheses. Constraint trees varying in the number of gains and losses of the character myrmecophytism were built using MacClade (Maddison and Maddison 1992) . Wilcoxon signed-ranks tests were used for tree comparisons using PAUP* (Swofford 2000) .
RESULTS
Phylogenetic Analysis
Cladistic analysis of morphological characters for 48 Macaranga species resulted in 49 most parsimonious trees of length 268 with a consistency index (CI) of 0.37 and a retention index (RI) of 0.80 (Fig. 2) . The aligned ITS data matrix for 42 Macaranga and one Mallotus sequence consisted of 641 nucleotide sites, of which 151 were variable and 47 (7.3%) were parsimony informative. ITS variation within Macaranga was extremely low, with zero to 22 (Յ 3.4%) nucleotide differences among sequences. Cladistic analysis of ITS data resulted in 544 most parsimonious trees of length 101 (CI ϭ 0.57, RI ϭ 0.79; Fig. 3 ). The combined analysis of 34 Macaranga species resulted in six most parsimonious trees of length 291 (CI ϭ 0.45, RI ϭ 0.77; Fig.  4) .
Although the strict consensus tree resulting from the separate molecular analysis was poorly resolved, most clades with greater than 50% bootstrap values were also well supported in the morphological analysis (Figs. 2, 3) . Three clades within section Pachystemon (groups 1, 2, and 3), the pruinosa group, and section Javanicae were supported in separate anal-TABLE 2. Tests of alternative hypotheses for the evolution of myrmecophytism in Macaranga. The most parsimonious trees resulting from the combined morphological and molecular analysis were hypothesized to have five evolutionary changes in the two-state character myrmecophytism (Fig. 5) . These trees were compared with trees constrained to have fewer changes in myrmecophytism. P* refers to the range of Pvalues resulting from Wilcoxon signed-ranks tests, and ns indicates trees not significantly longer than the most parsimonious trees. The strict consensus tree resulting from the combined analysis was similar to the morphological consensus tree (Fig.  4) , although bootstrap values for most clades were greater in the combined analysis. Pachystemon groups 1, 2, and 3 were all strongly supported and formed a well-supported clade sister to the pruinosa group. The pruinosa group was also strongly supported; however, the position of this group as sister to the Pachystemon 1, 2, and 3 clade was only moderately well supported. The main ambiguity in the combined analysis surrounded the position of the fourth group of species previously referred to section Pachystemon. In the morphological analysis these species formed a monophyletic group, but in the ITS analysis M. curtisii was sister to M. beccariana and M. hypoleuca. This placement seems unlikely as M. curtisii is morphologically very similar to M. puncticulata; a second plant should be sequenced to clarify whether this is an error. Furthermore, in morphological and combined analyses Pachystemon group 4 was either paraphyletic or sister to the clade including Pachystemon groups 1, 2, and 3 and the pruinosa group, and in both cases bootstrap support for the topology was weak.
Evolution of Myrmecophytism
Myrmecophytism was mapped as a two-state character on the six most parsimonious trees resulting from the combined analysis (Fig. 5) . The three most parsimonious reconstructions required five evolutionary changes, consisting of four gains and one loss, three gains and two losses, or two gains and three losses of myrmecophytism. Trees constrained to have a single gain and no losses, one gain and one loss, two gains and no losses, or three independent gains and no losses of myrmecophytism were all significantly (Ն 15 steps) longer than the most parsimonious trees (Table 2 ). However, the most parsimonious trees were only three steps shorter than trees constrained to have one gain and two losses of myrmecophytism, and 10 steps shorter than trees with two gains and one loss of myrmecophytism, and neither of these alternative topologies was significantly longer than the most parsimonious trees (Table 2) .
In all most parsimonious trees, myrmecophytism in the M. winkleri clade was reconstructed as a second independent gain (Fig. 5 ). In the morphological phylogeny this clade is nested within a large nonmyrmecophytic clade well separated from the remaining myrmecophytes (Fig. 2) . Increased sampling from sections Stachyella and Winklerianae for the combined analysis would most likely result in a more robust hypothesis of myrmecophyte evolution, supporting the M. winkleri clade as an independent origin of myrmecophytism. When M. recurvata was included in the combined analysis, with ITS data coded as missing, the trees constrained to have one gain and two losses of myrmecophytism were 11 steps longer (P Ͼ 0.05) than the most parsimonious trees, supporting the hypothesis of an independent origin of myrmecophytism in M. winkleri.
The remaining myrmecophytes were reconstructed equally parsimoniously as being the result of one, two, or three independent origins of myrmecophytism (Fig. 5) . Better resolution of the phylogenetic position of Pachystemon group 4 is required to determine whether myrmecophytism evolved independently in M. puncticulata. If M. sarcocarpa is sister to M. curtisii and M. puncticulata, as in the morphological analysis (Fig. 2) , myrmecophytism is reconstructed as an independent gain in M. puncticulata. The positions of M. gigantea and M. pruinosa were not resolved in the combined analysis. If M. gigantea is sister to the rest of the M. pruinosa group (Fig. 5) , myrmecophytism is equally parsimoniously reconstructed as two independent gains in the Pachystemon 1, 2, and 3 and M. pruinosa clades or one gain for both clades with a loss in M. gigantea (Fig. 5) .
The absence of myrmecophytism in the M. depressa clade was unambiguously reconstructed as a secondary loss. An Fiala et al. (1999) .
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Macaranga lamellata is colonized sympatrically by either Crematogaster sp. or Camponotus macarangae . 10 The information for this clade is for M. winkleri only, M. winkleriella has not been studied in detail in the field.
additional unambiguous loss of myrmecophytism is most likely for a recently discovered species closely related to M. glandibracteolata within section Pachystemon (M. sp. nov. 'C'; Table 1 ; S. J. Davies, unpubl. data) .
Morphological Evolution in Myrmecophytic Lineages
Morphological specializations for myrmecophytism were mapped on the most parsimonious trees to investigate patterns of morphological evolution (Table 3 ; Figs. 6, 7) . The lack of resolution in group 1 of section Pachystemon did not influence reconstructions of character evolution. However, several character reconstructions required fewer steps when M. gigantea was sister to the rest of the pruinosa group, so this topology was used for the analysis.
Domatia formed by internode expansion with pith disintegration prior to ant colonization occur in three independent lineages (Fig. 6A) . Domatia forming later in development (in which the pith softens and is excavated by the ants) arose once in the M. pruinosa clade. Stipules modified for the production of aggregated food bodies occur in four separate lineages, three times on the abaxial surface and once on the adaxial surface (Fig. 7) . In Pachystemon group 3 food bodies are aggregated on the abaxial surface of young leaves (Fig.  6B) . Macaranga caladiifolia was the only species in which the twigs split open facilitating colonization (Table 3) . Macaranga caladiifolia and M. puncticulata independently evolved domatia that form chambers interrupted by sections of solid stem, and both are inhabited by a range of generalist ant species.
There are two types of extrafloral nectaries in Macaranga: flat, disk-shaped nectaries produced on leaf surfaces and enlarged conical nectaries produced on young leaf margins. Leaf-surface extrafloral nectaries are produced by all Macaranga species in this study, although in many species, including all of the myrmecophytes, they are only produced on seedling leaves (Fig. 8; cf. Fiala and Maschwitz 1991) . Mapping the two extrafloral nectary types on a hypothesis of Macaranga relationships showed that myrmecophytism evolved only in lineages in which leaf-surface extrafloral nectaries had already been lost and in which leaf-margin extrafloral nectaries had become enlarged.
DISCUSSION
Phylogenetic Relationships
Morphological data provided greater phylogenetic resolution than molecular data due to low ITS sequence variation within Macaranga. Several morphologically distinct species had identical ITS sequences, even though previous studies found a diversity of life-history traits in these species (Davies 1998; Davies and Ashton 1999) . Although ITS variation is often informative at the species level (Baldwin et al. 1995) , other taxa with ecological and morphological variation have been found to have similarly low levels of ITS variation (Hodges and Arnold 1994) . Nevertheless, several clades were strongly supported in the molecular analysis, and most of these clades were supported in the morphological analysis and consequently in an overall well-supported combined analysis. Limited sampling of sections Stachyella and Wink- lerianae in the ITS analysis, coupled with ambiguity in the placement of several taxa (e.g., Pachystemon group 4) indicate that more thorough taxon sampling for ITS sequences and new sources of phylogenetically informative characters are required to further evaluate the hypotheses put forward in this paper.
Evolution of Myrmecophytism
The combined analysis of morphological and molecular data resulted in a hypothesis of phylogenetic relationships indicating that myrmecophytism evolved between two and four times and was lost between one and three times in western Malesian Macaranga. Myrmecophytic Macaranga are all characterized by the development of stem domatia and the production of aggregated food bodies. However, these traits are not homologous among the different lineages. Domatia develop in different ways, and food bodies are produced in a variety of locations. Mapping these traits on the phylogeny supports the hypothesis that myrmecophytism evolved multiple times in Macaranga, with each origin involving a suite of different morphological specializations. Multiple origins of myrmecophytism were also inferred from a phylogenetic study of Tococa (Michelangeli 2000) . Multiple origins of myrmecophytism within clades may result from the coincidence of particular morphological traits in specific ecological or biogeographic settings. Phylogenetic analyses are required FIG. 8 . Evolution of extrafloral nectaries (EFNs) in myrmecophytic Macaranga. The presence or absence of leaf-surface EFNs in mature plants is mapped on the tree showing all most parsimonious states. Leaf-margin EFNs are shown in the bar to the right of the tree. The tree was constructed using one randomly selected tree from the combined analysis, with remaining taxa added in positions concordant with separate analyses. Macaranga denticulata and M. hispida were excluded from the tree due to their uncertain position in the morphological analysis; this does not alter the patterns discussed. Macaranga sp. nov. 'C' was added based on staminate specimens only, to demonstrate a possible extra loss of myrmecophytism. Myrmecophytic lineages are indicated with vertical bars as ϩA (gains) and ϪA (losses) inferred from DELTRAN optimization in MacClade (Maddison and Maddison 1992). for other diverse groups of myrmecophytes, such as swollenthorn Acacia (Janzen 1974) and pioneer trees of neotropical Cecropia (Longino 1991) to assess this hypothesis further.
In Macaranga, myrmecophytic species vary in morphological specializations for ant association, as has been found in other radiations of ant plants (e.g., Chenuil and McKey 1996) . Although self-hollowing domatia have been interpreted as more specialized than domatia requiring excavation by ants, and food-body production on abaxial surfaces of stipules has been considered more specialized than food-body production on exposed adaxial stipule surfaces (Fiala and Maschwitz 1992a,b; Davidson and McKey 1993b) , there is no evidence that these traits are linked in an evolutionary sequence. Self-hollowing domatia were most parsimoniously reconstructed as having evolved independently of ant-excavated domatia, and the different patterns of food-body production arose independently. Detailed comparative analyses of the anatomy and development of stem domatia, and chem-ical and anatomical characteristics of the food bodies (Rickson 1980; Heil et al. 1998) , may help clarify the evolutionary history of these different myrmecophytic traits.
Morphology, Ecology, and Biogeography of Myrmecophytes
Species of Macaranga from across the entire paleotropical distribution of the genus share morphological and ecological characteristics that have been implicated as potential predispositions for the evolution of myrmecophytism. Macaranga is among the largest genera of tropical pioneer trees in the world (Whitmore 1969; Smith 1987) . Many species have thick twigs with soft pith, and large leaves that often produce food bodies and bear extrafloral nectaries, which are visited by nonspecific ants (Perry 1953; Whitmore 1980; Whalen and Mackay 1988; Maschwitz 1991, 1992b) . Despite these apparent predispositions, myrmecophytism has evolved several times but only within one small clade in western Malesia. What features of this lineage led to multiple origins of myrmecophytism? Alternatively, what factors constrained other lineages from evolving myrmecophytism?
The provision of aggregated food-bodies coincided with the evolution of myrmecophytism in all cases. Aggregation of food bodies, coupled with changes in their chemical composition, may have reduced nonspecific ant visitation favoring myrmecophytism (Davidson and McKey 1993b) . However, other changes in plant food provision for ants preceded the evolution of myrmecophytism; leaf-surface extrafloral nectaries were lost and leaf-margin extrafloral nectaries became enlarged. It is not clear what role these changes had for the evolution of myrmecophytism, but myrmecophytes only evolved in lineages that had already lost leaf-surface extrafloral nectaries and gained expanded leaf-margin extrafloral nectaries. The hypothesis that myrmecophytism would favor the loss of exposed (leaf-surface) extrafloral nectaries to reduce nonspecific ant visitation (Fiala and Maschwitz 1991; Davidson and McKey 1993b) is not supported. Whatever the cause of their loss, nonmyrmecophytic Macaranga without leaf-surface extrafloral nectaries may have been visited by fewer generalist ants. In the absence of leafsurface extrafloral nectaries selection on food-body location and composition may have been more effective. The function of leaf-margin extrafloral nectaries is not well understood. Although they are most strongly developed in myrmecophytic lineages, in some myrmecophytes they produce sugar-rich fluid but in others they do not Federle et al. 1998a) , and in several nonmyrmecophytes they produce sugar-rich fluid (Fiala and Maschwitz 1991) . Further analysis of the function and ant visitation patterns throughout ontogeny for both extrafloral nectary types are required for myrmecophytes and closely related nonmyrmecophytes.
Thick twigs with relatively soft pith may have been a prerequisite for the evolution of myrmecophytism in Macaranga (Fiala and Maschwitz 1992a; Brouat and McKey 2000) . However, this is also a common feature of nonmyrmecophytic Macaranga. Evidence was presented that species with selfhollowing domatia were unlikely to have been derived from species with ant-excavated domatia. It is therefore not clear which twig characteristics have been important in the evolution of myrmecophytism. Within the myrmecophytes, some species have dense white wax covering the stems (Table 3) . These wax blooms influence the identity of the ant partner in specific myrmecophytic associations (Federle et al. 1997 ), but do not seem likely to have influenced the origination of myrmecophytism in Macaranga as most myrmecophytic clades include both waxy and nonwaxy stemmed species. There is no evidence that the nonmyrmecophytic species closely related to the myrmecophytes are regularly targeted by stem-boring insects that produce holes facilitating subsequent ant nesting. The twigs of myrmecophytes contain considerably less latex than those of closely related nonmyrmecophytes (S. J. Davies, pers. obs.; Fiala and Maschwitz 1992a) . Latex may have had a role in limiting ant access to host plants, or may have changed in response to ant defense of the stems. Further assessment of the distribution of this trait across the phylogeny is required. Knowing whether the ancestors of the ant Crematogaster species nested in stems might also shed light on the origin of stem domatia in the myrmecophytes (Ward 1999) .
All 26 myrmecophytic Macaranga grow in aseasonal tropical rain forest, in which all months receive, on average, more than 100 mm of rain. The only myrmecophyte living outside the aseasonal area is a disjunct population of M. motleyana in an exceptionally wet area of southeastern Thailand (Ͼ 3000 mm/year; Arbhabhirama 1987). Myrmecophytes are absent from all islands in western Malesia with seasonal climates, including Java and the Philippines. Along the MalayThai Peninsula, an area with a long historical connection (Morley 1998) , the northern limit of the myrmecophytes coincides with the boundary between seasonal and aseasonal climates (Fig. 1) ; a similar pattern occurs between the islands of Sumatra and Java. In contrast, individual nonmyrmecophytic species regularly occur in both seasonal and aseasonal areas. Because food-body production in myrmecophytic Macaranga is directly linked to the production of stipules, or young leaves that have short lifespans (Heil et al. 1997) , factors altering leaf turnover also affect food-body production. Tropical pioneer trees typically have continuous leaf production (Ackerly 1996) , however, seasonality may result in interrupted leaf phenology precluding continuous foodbody production and constraining myrmecophytic Macaranga to aseasonal areas. While seasonality may constrain the distribution of myrmecophytes (or their ants) within western Malesia, other areas with aseasonal forests (e.g., parts of Sulawesi and New Guinea) have radiations of nonmyrmecophytic Macaranga (Whitmore 1980) . Additional evidence of constraints on the evolution and/ or maintenance of myrmecophytism may be derived from assessing factors correlated with losses of myrmecophytism or with reversals to apparently less specialized associations. The three myrmecophytic Macaranga that are inhabited by generalist ant species or are inhabited in only part of their geographic range (M. caladiifolia, M. pruinosa, and M. puncticulata) grow in heath or peat swamp forest, sites poor in soil resources (Table 1; Fiala et al. 1996) , reflecting the potential importance of resource availability for the maintenance of obligate associations. However, the losses of myrmecophytism are less easily explained in the context of resource limitation. The M. depressa clade includes four nonmyrmecophytes, of which only M. triloba grows in seasonal areas. The other three species grow in lowland and submontane forests sympatric with myrmecophytes. Macaranga sp. nov. 'C' grows in submontane forest, and although myrmecophytic Macaranga have a lower altitudinal limit than nonmyrmecophytes (S. J. Davies, pers. obs.; Fiala et al. 1999) , there are several submontane myrmecophytic species (Davies 1999a) . One possibility is that the ancestor of this four-species clade may have lost myrmecophytism in seasonal areas (a distribution maintained by M. triloba) and upon reinvading and speciating in aseasonal areas retained nonmyrmecophytism. Comparative analyses of allocation to biotic and abiotic defense in myrmecophytic and closely related nonmyrmecophytic Macaranga may provide further insight into resource-mediated constraints on the evolution and maintenance of myrmecophytism (Davidson and Fisher 1991; Folgarait and Davidson 1995; Itioka et al. 2000) .
Phylogeny reconstruction and the analysis of morphological evolution support the hypothesis that myrmecophytism evolved multiple times in a small western Malesian lineage of the large and otherwise nonmyrmecophytic genus Macaranga. Low ITS sequence divergence suggests that this diversification occurred relatively recently (Hodges and Arnold 1994; Baldwin et al. 1995; Chenuil and McKey 1996; Aïn-ouche and Bayer 1999) . The high levels of endemism of the Bornean myrmecophytes support this hypothesis, although comparative studies with other sequences are required. The western Malesian lineage, prior to the evolution of myrmecophytism, appears to have been characterized by the presence of thick stems with soft pith, the absence of exposed leaf-surface extrafloral nectaries, the presence of expanded leaf-margin extrafloral nectaries, the presence of dispersed food bodies that could be selected for localization and protection, an aseasonal climate allowing continuous food-body production, and an early successional forest environment with concomitant selective pressures. Although there are numerous lineages of Macaranga with one or a subset of these characteristics but without myrmecophytism, the coincidence of the suite of morphological traits in the particular ecological and biogeographic context provided a selective environment that facilitated multiple origins of myrmecophytism. Additional work needs to focus on the ecology and biogeography of the ant partners (Fiala et al. 1999) and their role in constraining and/or facilitating the diversification of this association.
